The Intergovernmental Panel on Climate Change methodology estimates that over 50% of total nitrous oxide (N 2 O) emissions in New Zealand derive from animal excreta-N deposited during grazing. The emission factor for excreta-N as used by this methodology has an important impact on New Zealand's total N 2 O inventory. The objectives of this study were to refine the N 2 O emission factor for urine by simultaneously measuring N 2 O emissions from 5 pastoral soils of different drainage class, in 3 different regions in New Zealand following a single application of urine; plus test various aspects of the soil cover method for determining emission factors. Cow urine and synthetic urine was applied to pastoral soils in autumn 2000 and N 2 O emissions were measured using closed flux chambers at regular intervals for 4-18 months following application. The N 2 O emission factors for cow urine estimated for the first 4 months after urine application varied greatly depending on rainfall and soil drainage class, and ranged from 0.3 to 2.5% of the urine-N applied, suggesting that adopting a single emission factor for New Zealand may be inappropriate. The largest emission factor was found in a poorly drained soil, and the lowest emission factor was found in a well-drained stony soil. Ongoing measurements on one of the soils resulted in an increase in emission factors as the N 2 O emissions had not reached background levels 4 months after urine application. To characterise urine-induced N 2 O emissions, we recommend measurements continue until N 2 O emissions from urine-amended soil return to background levels. Furthermore, we recommend using real animal urine rather than synthetic urine in studies when determining the N 2 O emission factor for urine. 
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Introduction
Nitrous oxide (N 2 O) emissions from soil are of concern as they contribute to global warming and the destruction of the ozone layer (Cicerone 1989) . Nitrous oxide is mainly produced in soils by denitrifying and nitrifying microorganisms (Firestone and Davidson 1989) . Denitrifiers reduce nitrogen oxides (e.g. nitrate) to nitrogen gas, generally in anaerobic microsites in the soil, and when there is sufficient nitrate and available carbon. Nitrifying microbes convert soil ammonium to nitrate under aerobic conditions, and like denitrification, incomplete conversion results in the formation of N 2 O.
Ratification of the Kyoto Protocol to the UN Framework Convention on Climate Change (FCCC) will legally bind signatory countries to limit emissions of greenhouse gases, including N 2 O, to agreed levels. Furthermore, signatories will be required to report their greenhouse gas inventory annually, which will then be subject to scrutiny from the international community. Nitrous oxide inventories are generally calculated using the 1996 Revised (Phase II) Guidelines for National Greenhouse Gas Inventories of the Intergovernmental Panel on Climate Change (IPCC) (IPCC 1997; Mosier et al. 1998) . The IPCC methodology estimates N 2 O emissions by applying an N 2 O emission factor (i.e. the proportion of N emitted as N 2 O) to all anthropogenic N inputs to the system. The IPCC provides default values for these emission factors, but encourages the use of country-specific factors especially for N inputs that are a key source of N 2 O. However, country-specific factors can only be used if they can be defended and withstand international peer-review of the methodologies and approaches used to calculate these factors.
In New Zealand, agriculture is a major export industry and is dominated by the pastoral sector. Unlike many countries, New Zealand's pastoral agriculture is characterised by year-round grazing of clover-based pastures and relatively low N fertiliser use. As a result, application of the IPCC methodology to New Zealand identifies excreta-N deposited by the grazing animal as the single largest source of N 2 O in New Zealand . Over 50% of the N 2 O emissions are due to direct emissions following excreta deposition, while an additional 30% of the total emissions are due to indirect N 2 O emissions from leached and volatilised excreta-N. The IPCC default N 2 O emission factor for direct emissions from animal excreta is 2% of the excreta-N deposited during grazing. This default emission factor is largely derived from results of long-term field studies conducted in the Northern Hemisphere, where N 2 O has mainly been measured using soil covers. This single value does not account for the variations in climatic and physical conditions that can affect soil N 2 O emissions and, consequently, emission factors. Although emission factors measured in New Zealand situations are generally within the range of the current IPCC default value (Ruz Jerez et al. 1994; Carran et al. 1995; Muller et al. 1995; Clough et al. 1996) , the limited amount of research data available hampers a full evaluation of the appropriateness of these emission factors to New Zealand. Consequently the objectives of this study were to: (i) refine the N 2 O emission factor for urine for New Zealand by simultaneously measuring N 2 O emissions from 5 pastoral soils in 3 different climatic regions, which were amended with similar amounts and forms of urine N; and (ii) test various aspects of the methodology for determining country-specific emission factors so that defensible guidelines for a standardised soil cover methodology for measuring N 2 O emission factors from grazed soils can be developed.
Materials and methods

Soil and site description
Nitrous oxide emissions were measured following urine application to 5 soil types, at 3 sites across New Zealand. The soils were a surface-drained organic soil (Acid Fibric Organic Soil; Hewitt 1993), a well-drained loamy silt of volcanic origin (Typic Orthic Allophanic Soil) located in the Waikato Region (37°49´S, 175°17´E), a poorly drained silt loam (Mottled Fragic Pallic Soil) located in Otago (45°53´S, 170°24´E), a moderately drained silt loam (Typic Immature Pallic Soil), and a well-drained stony silt loam (Pallic Orthic Brown Soil) located in Canterbury (43°39´S, 172°29´E). The climate in all regions is temperate; Waikato has an annual rainfall of 1240 mm and mean annual temperature of 14°C, Otago has an annual rainfall of 700 mm and mean annual temperature of 9°C, and Canterbury has an annual rainfall of 680 mm and mean annual temperature of 11.5°C. Further site and soil details are listed in Table 1 .
Both the Waikato sites were on dairy farms, on ryegrass (Lolium perenne L.)-white clover (Trifolium repens L.) pastures, and located on flat to gently undulating land. The Otago site was on a sheep research station, on ryegrass-white clover pasture on rolling land. Animals were excluded from the Waikato and Otago sites for at least 1 month before the commencement of the study. In Canterbury, N 2 O emissions were measured from soil lysimeters. Eight large cylindrical monoliths of each soil type (500 mm in diameter, 700 mm deep) were excavated from the field locations, enclosed in steel cylinders, and transported to a field laboratory. The silt loam monoliths were excavated in 1996 and were used in a leaching experiment until February 1998. Thereafter, they were left undisturbed and unused for 2 years. The stony silt loam monoliths were excavated in early 1999 and were left undisturbed and unused for 1 year until employed in this study.
The pasture of the plots and lysimeters was cut at regular intervals throughout the experiment and the clippings were removed from the plots.
Treatments
In autumn 2000, N 2 O emissions were measured after applying real and synthetic cow urine to each of the 5 soil types described above. At the Waikato and Otago field sites, the treatments were laid out in a randomised block design. Four blocks (1 by 2.5 m each in Waikato, and 1 by 3.5 m each in Otago) were established within a 25-50 m 2 area. Each block was evenly divided into 5 or 7 plots in Waikato and Otago, respectively (0.5 m 2 per plot), i.e. 3 or 4 treatment plots and a buffer plot between each treatment. Each plot received one of the following (Table 2) : 10 L/m 2 of cow urine (592 kg N/ha); 10 L/m 2 of synthetic cow urine (592 kg N/ha); and no treatment (control). At the Otago site, a fourth treatment was included consisting of synthetic urine at a rate of 5 L/m 2 (296 kg N/ha) to simulate the rate in a sheep urination. The N-loading rate was equivalent to a typical cow or sheep urination (Haynes and Williams 1993 ) and was applied evenly across the plots using watering cans. The centre of each plot was used for N 2 O measurements, and the remaining area was used for soil sampling (see below). At the Canterbury site, the urine was applied to 4 replicated lysimeters of each soil at a rate of 10 L/m 2 (655 kg N /ha). An equivalent volume of water was applied to 4 control lysimeters. Treatments were applied to the Waikato and Otago sites on the 11 May 2000, and to the Canterbury sites on 11 April 2000.
The cow urine used was collected from Holstein-Friesian milking cows at the Lincoln University dairy farm in Canterbury. It was immediately analysed for total N content, by Kjeldahl digestion, automated steam distillation, and back-titration using a Kjeltec Auto Sampler System 1035 Analyser (Tecator, Sweden). For the Waikato and Otago sites, the cow urine was collected during the afternoon of 8 May 2000 and the morning of 9 May 2000. To determine if urea-N (the major N component of cow urine) underwent hydrolyses during transportation and storage, urine samples were analysed immediately after collection, and then daily for the next 4 days. Samples were stored at 4°C, and analysed for total N as described above. Ammonium concentrations were determined using a colorimetric technique in combination with a Flow Injection Analyser (Tecator, FIAStar, Hoganas, Sweden) . The initial ammonium-N content was 25.3 mg/L and did not change significantly after 4 days storage at 4°C (P > 0.05). The synthetic urine contained urea (11.5 g/L), glycine (2.87 g/L), KHCO 3 (13.8 g/L), KCl (2.49 g/L), KBr (4.0 g/L), and K 2 SO 4 (1.36 g/L), and had the same total N content as the cow urine (5.92 g N/L). For the Canterbury site, cow urine was collected from the Lincoln University dairy farm on 11 April 2000, and applied to the lysimeters on the same day.
In situ N 2 O measurement and analyses
At the Waikato and Otago sites, N 2 O emission measurements were made approximately daily for the first 2 weeks following urine application. Thereafter, the measurement frequency was reduced at approximately 6-weekly intervals to 3 measurements per week, 2 measurements per week, and 1 measurement per week. The total measurement periods were 80, 150, and 182 days after urine application for the Waikato organic, the Waikato mineral and the Otago site, respectively. On each sampling day, N 2 O emission measurements were made between 1200 and 1300 hours, using closed flux chambers (250 mm diameter by 130 mm high) inserted 30 mm into the soil in the centre of each plot. The soil covers were repositioned in the same place on each sampling day. The stainless steel covers contained 2 sample ports, which were sealed with suba-seals approximately 30 min after inserting the cover. Covers were sealed 30 min after insertion to allow any N 2 O displaced from the soil during the insertion to disperse from the cover. The covers were insulated (polystyrene foam covered with self-adhesive aluminium foil) to prevent temperature and pressure fluctuations in the cover. The headspace of the covers was sampled at 0 (T 0 ), 20 (T 20 ), and 40 (T 40 ) min after the cover was sealed, by flushing 25 mL of headspace air backwards and forwards 4 times through a 6-mL septum-sealed glass tube (Exetainer, Labco Ltd, UK) using the sampling device depicted in Fig. 1 . At the fourth flush, the air was expelled until 5 mL remained in the syringe after which valve 1 was closed and the 5-mL sample was expelled into the Exetainer, after which valve 2 was closed. This over-pressurised the sample in the Exetainer. A comparison of this gas sampling method with the more commonly employed method using evacuated vials was done by taking headspace samples with one method, immediately followed by a headspace sample with the other method. On each sampling day at each site, 2 background atmosphere samples were also taken using the same device, but with the hypodermic needle of valve 1 exposed to the atmosphere. At the Canterbury site, N 2 O emission measurements were made twice a week on average for 231 days following urine application on the stony well-drained silt loam soil, and for 351 days on the moderately drained silt loam soil. On the latter soil type, N 2 O measurements continued for a further 204 days at a frequency of once every 2 weeks. Cylindrical gas-tight covers (100 mm height) were placed onto the 16 lysimeters at around noon each sampling day. Headspace gas samples were extracted immediately after cover placement (T 0 ) and then 20 (T 20 ) and 40 (T 40 ) min later via a hypodermic needle through a rubber septum on the top of the cover. The samples were extracted using 50 mL polypropylene gas-tight syringes, which were taken back to the laboratory for immediate analysis by gas chromatograph. In contrast to the procedure adopted at the Waikato and Otago sites, there was no 30-min equilibration period between placement of the cover and the first headspace sampling during the first part of the experiment. However, from mid-August 2000 onwards, ports similar to those employed in the covers at the Waikato and Otago sites were installed to the top of the covers. These ports were sealed about 15 min after placement of the cover and the first headspace sampling (T 0 ) was taken immediately after that.
In the laboratory, the over-pressurised samples from the Waikato and Otago sites were brought to ambient atmospheric pressure, using a double-ended hypodermic needle. One end of the needle was placed just below the surface of some water in a small beaker, while the other end pierced the Exetainer septum. A brief flow of bubbles resulted and when these ceased, the Exetainer gas contents were at ambient air pressure. This helped identify leaky containers and also showed the exact moment the samples were at ambient air pressure, while avoiding any potential contamination of the sample with ambient air. The gas samples from the Canterbury site were transferred from the polypropylene syringes into evacuated 6-mL Exetainers and then pressure-equilibrated just prior to analysis as described above. The gas analyses were conducted using 2 similarly configured automated gas chromatographs (GC, SRI 8610). Each was interfaced to a modified Gilson 222XL liquid autosampler, which uses a purpose-built double concentric injection needle instead of the usual liquid sample sipper. This enabled the gas samples to be purged rapidly from 6-mL glass Exetainers and injected into the GC. The configuration of each GC followed that of Mosier and Mack (1980) , with both GCs yielding similar linearity, accuracy, and precision. Two 3-mm-OD stainless steel columns packed with Haysep Q were used, and an automated 10-port gas-sampling valve was used to switch the oxygen-free dry nitrogen carrier gas (40 mL/min) through both columns, either in series (inject mode) or through the pre-column in the reverse direction (backflush mode). A second (4-port) gas sampling valve at the detector end of the analytical column was synchronised to prevent the large pulse of oxygen present in the air sample from passing through the hot (320°C) 63 Ni electron capture detector. The oven and injector port temperatures were 35 and 20°C, respectively. Further details of the GCs configuration and operation can be found in Clough et al. (1998b) .
Soil and climatic parameters
At the Waikato and Otago sites, intact soil samples (75 mm in depth, 25 mm diameter) were collected from the surface of each plot, on each gas-sampling day, and analysed separately for nitrate, ammonium, and water content. Holes were promptly back-filled with soil to minimise any effects on aeration, and areas avoided during re-sampling. Nitrate and ammonium were extracted by adding 100 mL of 2 M potassium chloride to 10 g of field-moist soil and shaking for 1 h. The filtered solution was frozen until analysed for nitrate and ammonium using a modified hydrazine reduction and a salicylate/dichloroisocyanurate method, respectively (Blakemore et al. 1987) . Soil water content was determined gravimetrically after drying subsamples at 105°C for 24 h.
At the Canterbury site, soil nitrate, ammonium, and water content of urine-treated soil were measured every 10 days, for 3 months, as described above. Soil water and mineral-N measurements were not made for the control treatment. It was not possible to take soil samples from the lysimeters as the entire surface of the lysimeter was used for the N 2 O measurements. Instead, separate intact soil cores (50 cm diameter) were excavated and relocated to the field lysimeter laboratory a week before applying the urine. Sufficient soil was excavated for weekly measurements for 3 months. When N 2 O emissions unexpectedly continued beyond 3 months, soil sampling had to cease, as no more soil was available.
At all sites, air and soil temperatures (50 mm depth) and rainfall were monitored hourly using thermister probes and recorded by dataloggers (Campbell Scientific). The air temperature of the headspace of the soil cover was measured just before and just after each enclosure period to allow for a correction of potential differences in gas density between sampling and analysis in the laboratory (see Eqn 1). By using the Vm value that corresponds with the temperature of the headspace air at the time of sampling, any differences in gas density are automatically accounted for. Mean daily soil temperatures in the silt loam soils differed between regions, and ranged between 6 and 18°C in Waikato, 3 and 11°C in Otago, and 5 and 17°C in Canterbury. Total rainfall during the experimental period was 168 mm at the Waikato organic site, 702 mm at the Waikato silt loam site, 510 mm at the Otago site, and 582 mm at both Canterbury sites.
Data and statistical analyses
On each sampling day, N 2 O emissions were calculated from the slope of the linear increase in N 2 O concentration during the enclosure period, and corrected for temperature and the ratio of cover volume to surface area, as follows:
where N 2 O flux is the hourly N 2 O emission (mg N 2 O-N/m 2 .h), δN 2 O is the increase in headspace N 2 O during the enclosure period (µL/L), δt is the enclosure period (h), M is the molar weight of N in N 2 O (g/mol), Vm is the molar volume of gas at the sampling temperature (L/mol), V is the headspace volume (m 3 ), and A is the area covered (m 2 ). These hourly emissions were then integrated over time, for each individual plot or lysimeter, to estimate the total emission over the measurement period. At the Waikato and Otago sites, where the urine and control treatments were paired in a randomised block design, an emission factor was then calculated for each block using:
where EF is emission factor (N 2 O-N emitted as % of urine-N applied), N 2 O-N total (urine) and N 2 O-N total (control) are the cumulative N 2 O emissions (kg N/ha) from the urine and control plots within each block, respectively, and urine-N applied is the rate of urine-N applied (kg N/ha). Thereafter, an average emission factor was calculated for each site by taking the geometric mean of the emission factors calculated for the 4 blocks per site. At the lysimeter study in Canterbury the urine-treated and untreated lysimeters were not paired. Therefore, an emission factor was calculated with Eqn 2, by using the mean of the total N 2 O emissions of the control lysimeters for each soil type. For all sites, the 95% confidence interval of the emission factors was calculated using the log-transformed data. An analysis of variance was performed on the emission factors for each site, to determine the effect of N source on the N 2 O emission factor WFPS was calculated by dividing volumetric water content by total porosity (Linn and Doran 1984) . Volumetric water contents were calculated by multiplying gravimetric water content by bulk density. Total porosity was calculated as [1 -(bulk density/particle density)]*100%.
Results
N 2 O emissions following urine application
Applying cow urine to the soil in autumn markedly increased N 2 O emissions from all soil types in all regions (Fig. 2) . However, at the organic site in Waikato, this increase only occurred for the first 2 days after applying the urine. At other sites, the N 2 O emissions were greater than control emission levels throughout the measurement periods. Synthetic urine also increased N 2 O emissions at the Waikato and Otago sites, but not always to the same extent as cow urine. The emission patterns from the synthetic urine and the responses to environmental conditions were, however, very similar to those of cow urine. The application of synthetic 'sheep' urine at the Otago site also increased N 2 O emissions, but the rates were generally intermediate to the cow urine and the control treatments.
The mean peak hourly emission rates from soils amended with cow urine varied between soil types and regions. Peak emission rates for the cow urine-treated plots were, in mg N/m 2 .h, 0.3 for the Canterbury stony silt loam; 0.6 for the Waikato silt loam; 0.7 for the Canterbury moderately drained silt loam; 2.5 for the Waikato organic soil; and 4.9 for the Otago poorly drained silt loam. Peak rates of emission seemed delayed until the soil was moist and contained a sizable nitrate pool with the peat soil being an exception (these results have been lodged with the journal as Accessory Publications 1 ). At all sites, the emissions followed a typical spiky pattern, which reflects the variable nature of N 2 O emissions from soil. Nitrous oxide emissions for the urine-treated plots were generally highest immediately following rainfall events, due to increased soil water-filled pore space (WFPS). Although applying urine treatments also increased soil WFPS at all sites, these increases were short-lived and changes in WFPS were more greatly affected by rainfall. At the Otago site soil WFPS of the control plots was higher than in the urine-treated plots from about Day 50 onwards. This difference in WFPS is probably due to differences in herbage growth, and thus evapotranspiration in the urine treated plots.
Applying cow urine increased soil mineral-N at all sites, although changes in mineral N in the urine-amended organic soil were short-lived in comparison to the mineral soils, with soil ammonium and nitrate levels returning to control levels within 13 and 15 days of urine application, respectively. In the Waikato silt loam, ammonium-N contents peaked at 520 µg/g dry soil 6 days after urine application and returned to background levels within 20 days after application (Fig. 2) . Following peak soil ammonium-N contents, soil nitrate-N contents increased and peaked at approximately 200 µg/g dry soil. Soil nitrate-N contents remained greater than control levels in the Waikato silt loam for up to 2 months following urine application. In the Otago silt loam, changes in soil ammonium-N followed a very similar pattern to those of the Waikato silt loam, with levels peaking at about 800 µg/g on Day 5. The soil nitrate-N levels increased more slowly than at the Waikato site and peaked at about 350 µg/g dry soil on Day 50. Soil nitrate-N contents remained greater than control levels in the Otago silt loam for up to 4 months following urine application. At the Canterbury sites, soil ammonium-N levels peaked between 10 and 20 days following urine application at 650 or 400 µg N/g dry soil for the well-drained stony silt loam and the moderately drained silt loam, respectively (data not shown). Soil nitrate-N levels peaked at 300 (Day 20) and 100 (Day 40) µg N/g dry soil, respectively.
Increased N 2 O emissions from the urine-amended organic soil coincided with increased soil ammonium-N contents. In the Waikato, Otago, and Canterbury silt loam soils increased N 2 O emissions generally coincided with high soil nitrate contents and WFPS. 
N 2 O emission factors
Emission factors for urine-amended soils varied depending on soil type (Table 3) . Because measurements were made for different time periods after urine application, the emission factors were calculated for a standard emission period of 4 months, to allow comparisons between soils. Four months after urine application, the greatest emission factor was calculated for the poorly drained soil in Otago, whereas the lowest factors were calculated for the Waikato organic and the Canterbury stony silt loam soil. It is noteworthy that the Otago poorly drained silt loam and the Waikato organic soil, which received exactly the same cow urine application, gave similar total N 2 O emissions. However, the emission factor for the Waikato organic soil was lower than that of the Otago soil because N 2 O emissions from the control plots on the organic soil were much higher than those on the silt loam soil.
The emission factors for the synthetic urine were lower than the factors for the cow urine for both the Waikato and Otago silt loam soils, although at the Otago site no significant difference could be found (P > 0.05).
N 2 O flux measurements and calculations Evacuated v. non-evacuated vials
The non-evacuated vial method for collected gas samples compared well with the evacuated vial method (Fig. 3) , although a paired t-test suggested that the results for the non-evacuated vials were slightly higher than those from the evacuated vials (P < 0.01).
Linearity of increase in N 2 O concentration
In this study it was assumed that the increase in N 2 O concentration within the headspace of the soil covers was linear, and N 2 O flux was calculated accordingly. However, non-linear increases can occur due to leakage, variability in the GC analyses, gas diffusion constraints (Hutchinson and Mosier 1981) , natural variability of N 2 O emissions in field studies, or operator error. By over-pressurising the gas samples and de-pressurising them just prior to analysis on the gas chromatograph, we are confident that no leakage occurred from the Exetainers during storage and transport. The analytical variability of the GC analyses was determined by analysing 4 N 2 O standard gases (1.12, 5.0, 10.0, and 35.2 ppm) 8 consecutive times each. These results were then used to determine the variability of the GC analyses and to develop a simple model for simulating sets of 3 headspace concentrations (at T 0 , T 20 , and T 40 min) for which the N 2 O increase was not significantly different from a linear increase when the estimated variability of the GC output was accounted for. For both these simulated and the observed N 2 O headspace concentrations, the slopes of the N 2 O increase between each first and second sampling (T 0 -T 20 ), and the slopes between each second and third sampling (T 20 -T 40 ), were calculated (Fig. 4) . These results represent a linear increase in N 2 O concentration when slope (T 0 -T 20 ) is equal to slope (T 20 -T 40 ). The simulated results showed that the GC variability was very small and could account for 60.3-92.2% of the variability between the observed (T 0 -T 20 ) and (T 20 -T 40 ) slopes. The results from the Waikato sites and from the moderately drained silt loam in Canterbury were slightly more variable than those from the Otago site, whereas the well-drained silt loam in Canterbury showed considerably more variability than all other sites. For the Canterbury sites, the percentage variance accounted for by the variability of the GC analyses was also calculated before and after mid-August, when ports were fitted to the soil covers and a 15-min equilibrium period was allowed between placing the cover and sealing the ports. Before 14 August, 84.7 and 60.3% of the variance could be accounted for by the variability of the GC analyses, for the moderately drained and the well-drained silt loam, respectively. After 14 August, 81.9 and 71.9% of the variance could be accounted for. The observed results also showed that the variability was greater at lower flux rates (e.g. when the values of the slopes were low).
Sampling time during the day
The N 2 O flux measurements were carried out between 1200 and 1300 hours as it was assumed that the soil temperature at this time of day represented the average daily soil temperature. The soil temperature results from the Waikato and Otago sites showed that the average daily soil temperature at 5 cm depth was generally not greater than 1°C above than the soil temperature at the time of sampling (Fig. 5) .
Calculation of N 2 O emission factor
The N 2 O emission factors were calculated by integrating the N 2 O emissions from the urine and control treatments for each individual enclosure over time. An alternative approach that has been adopted by others (e.g. Denmead 1979; Smith et al. 1994; Velthof and Oenema 1995a; Ambus and Robertson 1998; de Klein et al. 1999; van der Weerden et al. 1999) is to calculate the arithmetic or geometric mean of the N 2 O fluxes from the urine and control treatments on each sampling day and then integrate these mean values over time. The N 2 O emission factors calculated using their approach were generally very similar to those from the approach used in this study (Table 4) , except for the moderately drained soil in Canterbury, where integrating the N 2 O emissions from the individual enclosures gave a much higher emission factor than when the daily mean of the N 2 O emissions of the 4 urine-treated plots was integrated over time. At this site, the variability in the total N 2 O emissions of individual lysimeters was much larger than for the other sites.
Discussion
N 2 O emission factor for animal urine
The estimated N 2 O emission factors for cow urine for a 4-month measurement period varied greatly between sites, and ranged from 0.3 to 2.5% of the urine-N applied. The highest emission factor (2.5%) was found on the Otago poorly drained silt loam soil, despite lower average temperatures and rainfall at this site in comparison to the other sites. The difference in emission factors between the various soil types can, in part, be attributed to the drainage characteristics of the soils. For example, in the well-drained Waikato silt loam soil, changes in WFPS closely followed rainfall patterns and WFPS quickly dropped to below 65% when rainfall ceased. For the Otago poorly drained silt loam soil, WFPS responded much more slowly to the rainfall pattern and only dropped to below 65% following a prolonged period of dry conditions. As WFPS is generally accepted as one of the main regulators of N 2 O emissions (e.g. Smith et al. 1998) , these drainage characteristics are likely to have a large impact on total emissions. A similar observation was made by Rappoldt and Corre (1997) , who measured N 2 O emissions from a grassland soil at different distances from artificial drains. The results showed that, under wet conditions, the drains imposed a spatial pattern of groundwater level and soil oxygen concentration. At a distance of 6 m from the drains, higher ground water levels, and thus lower oxygen levels, were found than at 0.5-2 m due to the more rapid soil drainage closer to the artificial drains. As a result, N 2 O emissions at a distance of 6 m were up to 10 times higher than at 0.5-2 m from the drains. The emission factor values found in this study are comparable to the range of 0.5-3.0% given for the IPCC default values in 1997 (IPCC 1997). More recently reported values are also within the same range (e.g. Allen et al. 1996; Koops et al. 1997b; Clough et al. 1998a ; Waikato-well-drained silt loam 0.6 (24%) 0.6 Waikato-surface-drained organic soil 0.3 (30%) 0.1 Otago-poorly drained silt loam 2.6 (30%) 2.4 Canterbury-moderately drained silt loam 3.7 (55%) 2.6 Canterbury-well-drained stony silt loam 0.5 (22%) 0.4 Yamulki et al. 1998) . Higher N 2 O emission factors for cow urine of 7 and 14% were reported by Williams et al. (1999) and Lovell and Jarvis (1996) , respectively. However, those studies involved N 2 O emission measurements for about 40 days after urine application, using undisturbed soil cores that were kept in the laboratory at constant temperatures of either 13 or 16°C, respectively. Although the measurement period following urine application was relatively short, the higher laboratory temperatures probably resulted in higher emission factors than would have been encountered in a field situation. New Zealand has adopted a country-specific emission factor of 1% of the excreta N deposited during grazing (Sherlock et al. 1997) , instead of the average IPCC default value of 2% (IPCC 1997) . At two of the soil sites used in the present study, the estimated emission factors were higher than the IPCC default, whereas at the other 3 sites the estimated emission factors were lower than New Zealand's value of 1%. The results suggest that adopting a single emission factor for New Zealand might be inappropriate. In recent studies, the national N 2 O inventory for New Zealand was refined by using regional soil drainage class distribution and N 2 O emission factor values for free, imperfectly, and poorly drained soils as found in the present study de Klein et al. 2002) . These results showed that the weighted average N 2 O emission factor was 0.94%, which is very similar to the currently used factor of 1% of excreta N deposited during grazing. As a result, the recalculated national N 2 O inventory was very similar to previous estimates. However, it should be noted that the N 2 O emission factors in the present study were determined following a single urine application in autumn, and to estimate an annual emission factor, N 2 O emissions following winter, spring, and summer applications need to be determined. It is, therefore, premature to speculate on the implications of the study for the New Zealand inventory and more work is required to refine both the temporal and spatial variation in emission factors from New Zealand soils.
For the Waikato organic soil, the N 2 O emission rates were high and similar to those from the Otago silt loam. However, the emission factor for the Waikato organic soil was much lower than that for the Otago soil because of high background N 2 O emission rates from the control plots of the organic soil. It should, however, be noted that cultivated organic soils (which includes pastures) are identified as a separate source of N 2 O in the IPCC methodology (default emission of 5 kg N 2 O-N/ha.year). For the control treatment on the organic soil in our study we estimated that the total N 2 O emission for the 2-month measurement period was approximately 10 kg N 2 O-N/ha, which is twice the annual IPCC default value. Other recent studies have also found high N 2 O emissions from unfertilised pasture on organic soils ranging from 2 to 34 kg N/ha (Velthof and Oenema 1995b; Koops et al. 1997a; Flessa et al. 1998) . These results suggest that the current IPCC value may not be appropriate for all cultivated organic soils.
The N 2 O emission factor for synthetic urine on the Waikato silt loam soil was significantly (P < 0.05) lower than the emission factor observed for the cow urine. This difference was due to consistently lower N 2 O emissions from the synthetic urine treatment, particularly from mid June onward. At the Otago site, there was no significant (P > 0.05) difference between the emission factors for the two treatments, as N 2 O emissions rates were very similar throughout the measurement period. However, immediately following urine application the N 2 O emissions from the cow urine treatment were significantly higher than from synthetic urine. This initial release of N 2 O following cow urine application has been noted before (Sherlock and Goh 1983; Lovell and Jarvis 1996; Williams et al. 1999) , and could be due to denitrification of indigenous soil NO 3 -stimulated by the release of water soluble carbon as a result of increases in soil pH and soil ammonia concentration (Monaghan and Barraclough 1993) . Sherlock and Goh (1983) suggested that chemodenitrification of minor urine components, or a rapid onset of anaerobosis due to more rapid hydrolysis of urea in the urine, could also contribute to higher emissions from cow urine. Although the synthetic N source used by Sherlock and Goh (1983) only contained urea, Lovell and Jarvis (1996) also found evidence of more rapid urea hydrolysis following the application of cow urine compared with synthetic urine. In their comparison of N 2 O emissions from cow urine and synthetic urine Lovell and Jarvis (1996) also found a higher emission factor for cow (14%) than for synthetic urine (11%). Although we did not find a significant difference in emission factors between cow urine and synthetic urine at one of our sites, the results from the Waikato site and those from Lovell and Jarvis (1996) suggest that in studies where determination of the N 2 O emission factor for urine is the primary focus, real urine should be used. Applying urine to soil elevated N 2 O emissions for a longer period than anticipated, although the N 2 O emissions from the urine treated soil of most sites were very close to background at the end of the measurement periods. Ongoing measurements at one of the Canterbury sites showed that N 2 O emissions persisted at rates above those of the control plots with the effect that the calculated emission factor continued to increase. Eighteen months following urine application the emission factor for the moderately drained silt loam had risen to 3.7% compared with 1.5% for the initial 4-month period. Bouwman (1996) also found that the N 2 O emission factors increased with measurement period, and concluded that long-term studies (1 year or more) are needed to determine annual N 2 O emission rates. However, we suggest that the urine-induced N 2 O emission can be fully characterised in shorter time periods, as long as the measurements are continued until N 2 O emissions from urine-amended soil have returned to background levels.
Soil cover technique and flux calculations
Soil cover techniques for measuring N 2 O emissions from soils have been widely employed by many researchers (e.g. Denmead 1979; Smith et al. 1994; Velthof and Oenema 1995a; Ambus and Robertson 1998; de Klein et al. 1999; van der Weerden et al. 1999) . Although these all follow the same principle of enclosing the atmosphere above a soil surface and measuring the increase in N 2 O concentration in the headspace over time, the design and application of this method may differ. For example, variations of the method include the type of soil cover (open or closed, vented or non-vented, fixed or removable lids, various sizes and insulation methods etc.), the incubation period (e.g. from 15 min to over 2 h), the timing of gas sampling, the method of gas sampling (evacuated vials, syringes, automated pumps), and the number of gas samples during the measurement period (typically from daily to monthly measurements), or during the incubation period (typically ranging from 1 to 3 samples). In studies where 3 or more gas samples were taken during the enclosure period, different approaches have been used to calculate the N 2 O flux beneath the soil covers. Most commonly, the N 2 O flux is calculated by linear interpolation of the N 2 O concentration increase (e.g. Denmead 1979; Smith et al. 1994; Velthof and Oenema 1995a; Ambus and Robertson 1998; de Klein et al. 1999; van der Weerden et al. 1999) . However, Hutchinson and Mosier (1981) suggested that non-linear increases could occur due to diffusion constraint, and developed a method for calculating the N 2 O flux under these conditions. Although our results showed that the variability of the GC output was very small and could only partly explain the variance from linearity found for the observed data (Fig. 4) , the N 2 O increase was close to linearity particularly when the magnitude of the flux increased. A similar observation was made by Velthof and Oemema (1995a) who concluded that N 2 O diffusion rate was not a significant issue and calculated their fluxes using linear regression. It is likely that in our study any divergence from linearity was caused by the natural variability of field measurements and there was no clear indication that diffusion constraint was causing non-linear increases in N 2 O concentrations.
At the Otago and Waikato sites, a larger proportion of the N 2 O increase in the soil covers was linear, compared with the measurements at the Canterbury sites (Fig. 4) . At the former two sites the soil covers had a fixed lid with two sampling ports, which were sealed with suba-seals approximately 30 min after inserting the cover, while at the Canterbury site, headspace gas samples were initially taken immediately after placement of the soil covers. It is possible that pressure disturbances that might occur following placement of the covers could result in an initial release of N 2 O from the soil. This conclusion is supported by the difference in the results from the well-drained soil in Canterbury before and after ports were fitted to the covers on 14 August 2000, which allowed pressure equilibration before sealing the covers. Before 14 August, only 60% of the variance from linearity could be accounted for by the variability of the GC analyses, while after 14 August this increased to 72%. Although our results suggested that the variance from linearity also decreases with higher N 2 O flux, the magnitude of the fluxes from the well-drained soil in Canterbury was very similar before and after 14 August (Fig. 2) . In contrast, for the moderately drained soil in Canterbury the majority of low fluxes occurred after 14 August 2000 (Fig. 2) , which probably explains why the percentage variance from linearity accounted for by the GC analysis did not increase after the adjustments to the soil covers was made. We suggest that leaving the headspace to equilibrate following placement of the cover, before it is sealed may provide a more consistent increase in N 2 O concentration in the headspace. In addition, if non-linear increases in N 2 O concentration are expected, 3 headspace samples per enclosure period will help identify this non-linear increase.
The emission factors in this study were calculated by assuming that the hourly N 2 O flux at midday represented the average daily emission rate. Although our results suggested that the average daily soil temperature was generally higher than the temperature at the time of sampling, the difference was generally <1°C, as the diurnal temperature fluctuations during the autumn/winter months of the experiment were limited. Based on a Q 10 value of 2 (i.e. the emission rate doubles when temperature increases by 10°C), as suggested in other studies (e.g. Blackmer et al. 1982; Scholefield et al. 1997) , the calculated N 2 O flux based on the average daily temperature was very similar to the hourly N 2 O flux measured at midday. It was, therefore, decided that a diurnal temperature correction was not required in the current study. However, in studies carried out in seasons when the diurnal temperature changes are large (e.g. summer), the diurnal pattern of N 2 O emissions should be characterised to test whether the hourly measurement at midday represents the average daily emission rate, or whether a temperature correction is required. In addition, measuring the headspace temperature at the time allows a temperature correction to be made for differences in gas density at the time of sampling compared with analysis.
In this study, the emission factors were calculated by integrating the N 2 O emissions for each individual enclosure over time, rather than integrating the average daily emissions for each treatment. Although it could be argued that this approach is biased towards the enclosure with the highest N 2 O emission, in statistical terms this approach is more appropriate as it uses the independent experimental units to calculate the total N 2 O emission.
Conclusions
The N 2 O emission factors for animal urine, determined at 5 sites following a single application in autumn, ranged from 0.3 to 3.7% of the urine-N applied. The results suggested that rainfall and soil drainage class largely affected this variability in N 2 O emission factors, and that adopting a single emission factor for New Zealand might be inappropriate. Furthermore, the emission factors were estimated following a single urine application in autumn, and N 2 O emissions following winter, spring and summer applications need to be determined to estimate an annual emission factor. The N 2 O emission factors were also affected by the measurement period, which ranged from 4 to 18 months following urine application. It is therefore suggested that measurements need to continue until N 2 O emissions from urine-amended soil have returned to background levels, to fully characterise the urine-induced N 2 O emission. The results also indicated that cow urine should be used instead of synthetic urine in studies where determination of the N 2 O emission factor for urine is the primary focus. The study further highlighted several potential problems with commonly used soil cover techniques and N 2 O flux calculations. It is suggested that allowing the headspace of soil covers to equilibrate for 15-30 min between the placement and sealing of the soil cover could result in a more linear increase in N 2 O concentration. In addition, the diurnal variation in soil temperature and the headspace temperature at the time of sampling should be measured to allow for temperature corrections of the N 2 O flux estimate. Finally, the total N 2 O emissions during a measurement period should be estimated by integrating the N 2 O emissions of each individual enclosure over time and averaging these integrated values to determine the average N 2 O emission for each treatment, rather than integrating daily average values for each treatment over time.
